Background: The role of HDAC1 in the regulation of neuronal survival is unresolved.
shown to selectively induce the death of neurons.
HDAC1-HDAC3 interaction is greatly elevated under conditions of neurodegeneration both in vitro and in vivo.
Furthermore, the knockdown of HDAC3 suppresses HDAC1-induced neurotoxicity and the knockdown of HDAC1 suppresses HDAC3 neurotoxicity. As previously described for HDAC3, the neurotoxic effect of HDAC1 is inhibited by treatment with IGF-1, the expression of Akt or by the inhibition of GSK3β In addition to HDAC3, HDAC1 has been shown to interact with HDRP, a truncated form of HDAC9, whose expression is downregulated during neuronal death. In contrast to HDAC3, the interaction between HDRP and HDAC1 protects neurons from death, an effect involving acquisition of the deacetylase activity of HDAC1 by HDRP. We find that elevated HDRP inhibits HDAC1-HDAC3 interaction and prevents the neurotoxic effect of either of these two proteins. Together, our results suggest that HDAC1 is a molecular switch between neuronal survival and death. Its interaction with HDRP promotes neuronal survival while interaction with HDAC3 results in neuronal death.
Histone deacetylases (HDACs) are a family of proteins originally identified on the basis of their ability to deacetylate lysine residues on histones, thus resulting in the compaction of chromatin into a transcriptionally repressed state (1, 2) . It has since been found that HDACs also deacetylate a variety of other nuclear, cytoplasmic and mitochondrial proteins thereby regulating diverse cellular events. Vertebrates express 18 HDACs that are organized into four classes based on their similarity to yeast proteins: the Class I RPD3-like proteins (HDAC1, HDAC2, HDAC3 and HDAC8), the Class II HDA1-like proteins (HDAC4, HDAC5, HDAC6, HDAC7, HDAC9, HDRP and HDAC10), the Class III SIR2-like proteins (SIRT1 -7), and HDAC11, which shares sequence homology with both Class I and Class II HDACs and is the sole member of the Class IV subfamily. Whereas Class I, II, and IV HDACs are zinc-dependent enzymes collectively referred to as classical HDACs, Class III HDACs are referred to as sirtuins requiring NAD + for their activity (1, 2). There is a growing consensus that HDACs play a role in the regulation of neuronal survival (3) (4) (5) . Much of this is based on the protective effects afforded by chemical inhibitors of HDACs in a variety of experimental models of neurodegenerative diseases. Surprisingly, the analysis of individual HDAC proteins has revealed that several of them including HDAC4, HDAC6, HDAC7, HDRP (a truncated form of HDAC9), and Sirt1 protect neurons rather than promote degeneration (6) (7) (8) (9) (10) (11) (12) (13) . While the identity of the targets of the HDAC inhibitors in the context of neurodegeneration have yet to be conclusively identified, we have found that HDAC3 displays a high level of toxicity in neurons (14) suggesting that its inhibition might account, at least in part, for the extensively described neuroprotective effects of HDAC inhibitors.
Another HDAC protein that regulates neuronal viability is HDAC1. We previously reported that although lacking a catalytic domain, the neuroprotective effect of HDRP requires deacetylase activity, which is acquired through its interaction with HDAC1 (7). This suggests a neuroprotective role for HDAC1. This conclusion was supported by studies from another laboratory that found that HDAC1 protected neurons in cell culture and mouse models of Alzheimer's disease (AD) and ischemic stroke (10) . Perplexingly, other groups have reported that HDAC1 promotes axonal and neuronal degeneration (15, 16) . Hence whether HDAC1 protects against neurodegeneration or is involved in promoting it remains equivocal. In this report we show that HDAC1 can be both neuroprotective or neurotoxic depending on whether it interacts with the Class IIA HDAC, HDRP or with HDAC3, a member of the Class I family. The neurotoxic effect of HDAC1 is dependent on GSK3β activity and can be inhibited by IGF-1 treatment or activation of PI-3 kinase-Akt signaling. We also find that HDAC1 expression is elevated selectively in vulnerable brain regions in mouse models of HD and tauopathy.
EXPERIMENTAL TECHNIQUES:
Materials: All cell culture media and reagents were purchased from Invitrogen (Carlsbad, CA) and all chemicals were from Sigma-Aldrich (St. Louis, MO), unless stated otherwise. Expression plasmids for HDAC1-Flag, HDAC1-GFP, HDAC1-Mut-GFP, HDAC3-Flag, constitutively active Akt (CA-Akt) and dominant-negative GSK3β (DN-GSK3β) were purchased from Addgene (Cambridge, MA). Flag antibody was from Sigma-Aldrich, HDAC1 antibody used for Western blotting was from Sigma-Aldrich (Cat # WH0003065) and the antibody used for immunoprecipitation was from SantaCruz Biotechnology (SantaCruz, CA; Cat # sc6298). HDAC3 antibody used for Western blotting was from SantaCruz Biotechnology (Cat # sc-11417) and that for immunoprecipitation was from Sigma-Aldrich ( Cat # H3034). HDAC1 shRNA plasmids (TRCN0000039400, TRCN0000039402), HDAC3 shRNA plasmids (TRCN0000039391 and TRCN0000039392) and a control plasmid (pLKO1) were purchased from Sigma-Aldrich. The ability of the HDAC3 shRNAs to suppress expression was previously documented (14) .
Culturing, treatment, and transfection of neurons: Cerebellar granule neurons (CGNs) were cultured from 7 or 8-day-old Wistar rats and plated as previously described (17) . To prevent non-neuronal cells from replicating, cytosine arabinofuranoside (10 μM) was added to the culture medium 18 -22 hrs after plating. These cultures were treated with high potassium medium (HK; serum-free BME medium with 25 mM KCl) or low potassium medium (LK; serum-free BME medium) 7 days after plating unless the cells were used for transfections. Cortical neurons were cultured from Wistar rats at embryonic day 17 or 18 as described previously (6, 18, 19) . The neurons were treated with homocysteic acid (HCA) one or two days after plating by directly adding HCA (to final concentration of 1 mM) to the culture medium. Neuronal viability was quantified by staining cell nuclei with 4', 6'-diamidino-2-phenylindole hydrochloride (DAPI). Cells with condensed or fragmented nuclei were scored as apoptotic.
Transfection and treatment of neurons was performed as previously described (14, 20, 21) . Briefly, unless stated otherwise, transfections were performed on day 5 after plating for CGNs. Eight hrs after transfection media was switched to either HK or LK for 24 hrs when viability of transfected neurons was quantified. For the experiments in which IGF-1 or inhibitors were used, treatment was done at the time of transfection and again when the media was changed to HK or LK. The treatments were performed at the following concentrations: IGF-1 at 50ng/ml, SP600125 at 10µM, roscovitine at 50µM, SB415286 at 30µM and SB216763 at 5µM. The ability of the inhibitors to inhibit their targets at the doses used was confirmed in control experiments.
Expression studies. RNA was extracted from cultured neurons using Trizol (Invitrogen) and cDNA was prepared using the Superscript II First Strand Synthesis System for RT-PCR (Invitrogen). PCR was performed with GoTaq Green Master Mix (Promega, WI). Western blot analysis was performed as previously described. Briefly, cell lysate was prepared using 1X cell lysis buffer (Cell Signaling Technology) and subjected to SDS-PAGE after protein normalization and heat denaturation. Site Directed Mutagenesis: HDAC3 deacetylase activity mutant H134Q containing the mutations H134Q and H135A were constructed using the site directed mutagenesis kit from Stratagene (La Jolla, CA) using the manufacturer's protocol. The primers used for the constructs were as follows: 5'-CTG GTG GTC TGC AGG CTG CCA AGA AGT TTG-3' and 5'-CAA ACT TCT TGG CAG CCT GCA GAC CAC CAG-3'.
shRNA mediated knockdown: For HDAC1 knockdown studies, the shRNA or control constructs were transfected into CGNs on day 5 after plating along with GFP plasmid in the ratio of 1:6.5. The shRNA was allowed to express for 48 hrs after which HK or LK treatment was done and viability was assessed 24 hrs later. The cells were co-stained with HDAC1 antibody to ensure that the protein was knocked down in the cells co-expressing GFP. When shRNA constructs were co-transfected with other tagged proteins, (HDAC1 shRNA with HDAC3-Flag or HDAC3 shRNA with HDAC1-Flag) the shRNA constructs and the tagged proteins were transfected at a ratio of 2:1 and the proteins visualized using the appropriate tag antibody.
Generation of HDAC3-/-conditional knockout mice and cultures:
Mice homozygous for loxP sites in the HDAC3 locus (HDAC3 neo-loxP ) were a kind gift from the Olson Lab at UT Southwestern Medical Center (22) . These mice were bred to Nes-Cre transgenic mice purchased from Jackson Laboratories (Bar Harbor, ME), which express the Cre recombinase throughout the central nervous system (CNS) allowing for the generation of CNS specific HDAC3+/-mice. These HDAC3+/-mice were then interbred and embryos extracted at day 17 or 18. Each embryo was genotyped and cortical neuron cultures prepared from individual HDAC3-/-and HDAC3+/+ embryos.
The cultures were transfected with either GFP or HDAC1-Flag on day 7 after plating and viability was assessed 20 hrs later.
The R6/2 transgenic mouse model of HD:
Female mice hemizygote for the ovarian transplant of the truncated mutant huntingtin (Htt) transgene were bred with wild-type male mice. Both mice were on a C57BL/6J background and purchased from Jackson Labs (Bar Harbor, ME). The offspring were genotyped 10-12 days after birth. At 6, 9, and 13 weeks after birth mice with the transgene (R6/2) or their WT littermates of the same gender were sacrificed, the brains were dissected, and the striatum was separated. The extra-striatal brain tissue was designated as extra striatal tissue (EST). Lysates were made from the brain tissue and used for Western blotting or immunoprecipitation assays.
The CaMK-p25 double-transgenic mouse model:
A bi-transgenic mouse line expressing p25-GFP selectively in the forebrain was generated as previously described (23, 24). Briefly, mice containing the p25-GFP transgene under the direction of the tetOp were crossed with mice containing the tetracycline tTA gene coupled to the forebrain-specific CaMK2a promoter. Both transgenic lines were purchased from Jackson Labs and produced on mixed C57BL/6 backgrounds. Breeding dams and offspring were kept on doxycycline-containing food pellets (Bioserv, Frenchtown, NJ) to suppress transcription of the p25-GFP transgene. After genotyping, double transgenic mice expressing both the p25-GFP transgene and tTA were either taken off the doxycycline-containing food (Tg on), or kept on the food (Tg off) for 5 weeks after which the mice were sacrificed and lysates prepared from the cortex, hippocampus and cerebellum. As reported by the laboratory of Le-Huei Tsai who developed this model (23, 24), we find that the p25-GFP transgene is expressed highly in the cortex and hippocampus and the neurodegeneration in these brain regions is obvious by 6 weeks of transgene induction.
Statistical Analysis: All statistical analyses were done using Graph Pad Prism software. T-Test was performed for all quantification experiments. All quantification experiments were performed at least 3 times and were done in duplicates each time. For cell viability quantification, at least 150 cells were counted for each cover slip. * denotes a p-value<0.05.
RESULTS

HDAC1 promotes neuronal death.
Both neuroprotective and neurotoxic roles have been described for HDAC1 (7, 10, 15, 16) . As a step towards gaining a better understanding of the role of HDAC1 in the regulation of neuronal survival and death, we examined its expression in the R6/2 transgenic mouse model of Huntington's disease. R6/2 mice are transgenic for the first exon of the human huntingtin gene carrying about 120 CAG repeats. These mice exhibit a progressive neurological phenotype that mimics many features of human HD including selective striatal neuropathology, intracellular aggregates, reduced motor performance and shortened life-span (25) . As shown in Fig. 1A , HDAC1 expression is elevated in the striatum (St) of R6/2 mice, but not in extra striatal tissue (EST), which are relatively unaffected by neuropathology. It is known that neuropathology and behavioral deficits in R6/2 mice is not obvious at 6 weeks, but clearly discernible at 10 weeks of age (25) . As shown in Fig. 1A , HDAC1 expression in R6/2 mice is similar to wild-type littermates at 6 weeks but is increased at 9 weeks. Expression is increased further at 13 weeks when neuropathology is known to be robust (Fig. 1A) . In comparison, the induction of HDAC1 expression in extra striatal tissue of R6/2 mice compared to their wild-type littermates is modest, if any. We also examined HDAC1 expression in the inducible CaMK-p25/CDK5 double-transgenic mouse model of tauopathic degeneration (23, 24).
In these mice degeneration occurs selectively starting at about 5 weeks after doxycycline-mediated induction of p25 through the CaMK-promoter. As previously described (23, 24), expression of the p25-GFP transgene occurs specifically in the cortex and hippocampus areas of the brain that display neurodegeneration. The expression of HDAC1 is increased specifically in these areas of the brain (Fig. 1B) . These results suggest that elevated HDAC1 expression contributes to neurodegeneration.
To investigate the effect of elevated HDAC1 expression on neuronal viability we used cultured CGNs. These neurons undergo apoptosis when switched from depolarizing HK medium to non-depolarizing LK medium (17) . In contrast to the in vivo models of neurodegeneration, HDAC1 expression was not increased following LK-treatment (Fig. 1C ). However, when the level of HDAC1 is enhanced by ectopic expression, over 30% of the neurons die within 24 hrs ( Fig. 2A) . No further increase in cell death is observed in LK medium overexpressing HDAC1 suggesting that death resulting from elevated HDAC1 involves the same molecular mechanism as LK-induced death. We extended our studies to embryonic cortical neurons induced to die by treatment with HCA, which induces oxidative stress. As observed with CGNs, there was no increase in HDAC1 expression in cortical neurons after treatment with HCA (Fig. 1D) . When HDAC1 is overexpressed in cortical neurons, viability is reduced by about 40% (Fig. 2B) . HDAC1-expressing neurons treated with HCA displayed only a marginal increase in toxicity over cultures treated with HCA alone.
HDAC1-induced neurotoxicity is GSK3-dependent and is inhibited by PI-3 kinase-Akt
signaling. To understand the mechanism by which HDAC1 neurotoxicity is mediated, we treated CGNs overexpressing HDAC1 with IGF-1, which is the physiological survival factor for these neurons in vivo. Treatment with IGF-1 blocks HDAC1-induced neurotoxicity (Fig 3A) . IGF-1 is an activator of the PI-3 kinase-Akt signaling pathway (26, 27) . To examine if activation of this signaling pathway was involved in the suppression of HDAC1 neurotoxicity by IGF-1, we expressed a constitutively-active form of Akt (CA-Akt). As shown in Fig. 3A , co-expression of active Akt also blocks the neurotoxic effect of HDAC1. A well-established downstream substrate of Akt is GSK3β, a kinase known to be involved in promoting cell death in a variety of experimental models of neurodegeneration (28, 29) . Phosphorylation of GSK3β by Akt inhibits its kinase activity and its ability to promote neuronal death (30, 31) . To examine if HDAC1 neurotoxicity is dependent on GSK3β, we blocked its activity with two structurally distinct pharmacological inhibitors, SB216763 and SB415826. Both GSK3β inhibitors protect CGNs against HDAC1 neurotoxicity (Fig. 3B) . Similarly, inhibiting GSK3β with a dominantnegative form of the enzyme also blocks HDAC1-induced neurotoxicity (Fig. 3A) . Two other kinases known to be involved in promoting neuronal death are c-Jun N-terminal kinase (JNK) and cyclin dependent kinases (CDKs) (32, 33) . In contrast to GSK3β, the pharmacological inhibition of JNK and CDKs using SB600125 and roscovitine, respectively, had no protective effect against HDAC1-induced neuronal death (Fig. 3B ).
HDAC1 and HDAC3 cooperate to promote neuronal death. We previously demonstrated that forced expression of HDAC3 also promotes the death of neurons (14) . Coincidentally, HDAC3-mediated neurotoxicity is also inhibited by IGF1, active Akt expression and by treatment with GSK3β inhibitors or expression of a dominant-negative construct of this kinase (14) . This raised the possibility that HDAC1 and HDAC3 cooperate to promote neuronal death. As a step towards examining this possibility we investigated if the two proteins interact. As shown in Fig. 4A , interaction between HDAC1 and HDAC3 is observed when the two proteins are co-expressed in HEK293 cells. Interaction of endogenous HDAC1 with HDAC3 is also seen in neurons (Fig. 4B) . Consistent with the possibility that the proteins cooperate to promote death, HDAC1-HDAC3 interaction is substantially higher in neurons primed to die compared with healthy neurons (Fig.4B) .
To examine whether HDAC1-HDAC3 interaction also occurred in vivo, we used the R6/2 mouse model. As shown in Fig. 4C , robust interaction between HDAC1 and HDAC3 is seen in the striatum of R6/2 mice, but not in wild-type littermates. In contrast to the striatum, interaction is barely detectable in lysates from extra striatal tissue (Fig. 4C ). This finding supports the conclusion that HDAC1-HDAC3 interaction promotes neuronal death.
To ascertain more directly whether HDAC1 and HDAC3 function together to promote neuronal death, we co-expressed the two proteins in CGNs (Fig. 5A) . The extent of toxicity is higher when both proteins are coexpressed, than when only one of them is overexpressed (and hence the other one is in limiting amounts with regard to interaction). We also examined the effect of knocking down the expression of one of these proteins on the ability of the other protein to promote neuronal death. The knockdown of HDAC1 using two different shRNA constructs reduced the toxicity of HDAC3 (Fig. 5B) . Likewise, the suppression of HDAC3 using two different shRNAs reduced the toxicity of HDAC1 (Fig 5C) . The efficacy of the two HDAC3 shRNAs was previously demonstrated (14) . This result was verified using cortical neurons cultured from HDAC3 conditional-knockout mice in which the HDAC3 gene was ablated in the CNS by crossing HDAC3-flox mice with transgenic mice expressing Cre under the control of the nestin promoter. In contrast to its effect in wild-type neurons, HDAC3-deficient neurons are resistant to HDAC1-induced toxicity (Fig 5D) . Taken together, these results demonstrate that HDAC1 and HDAC3 require each other to promote neuronal death.
Since HDAC3 is phosphorylated directly by GSK3β (14), we examined whether HDAC1 is also a GSK3β substrate. Interestingly and in contrast to HDAC3, phosphorylation of HDAC1 could not be detected (Fig. 5F ). This suggests that the inhibition of HDAC1 toxicity by GSK3β inhibitors is an indirect effect of inhibition of HDAC3 and that HDAC1 needs HDAC3 for its toxic effect.
Deacetylase activity of either HDAC1 or HDAC3 is necessary for neurotoxicity of the HDAC1-HDAC3 complex.
To test whether the catalytic activity of HDAC1 and HDAC3 is necessary for toxicity, we expressed HDAC1-∆53, a deletion mutant lacking the N-terminal 53 residues of HDAC1 and HDAC3-H134Q, in which His134 and 135 are mutated to glutamine and alanine, respectively. Both these mutants have previously been reported to lack catalytic activity and can function by a dominant-negative mechanism to inhibit activity of the endogenous HDAC1 or HDAC3 proteins (34, 35) . We independently confirmed that HDAC1-∆53 is without activity and that HDAC3-H134Q has reduced activity compared with wild-type HDAC3 (Supp . Fig 2) . Surprisingly, HDAC1-∆53 was as toxic as wild-type HDAC1 when expressed in HK or LK-treated CGNs (Fig 6A) . Similarly, HDAC3-H134Q was just as neurotoxic as wild-type HDAC3 (Fig. 6B) . Although this observation suggests that HDAC1 and HDAC3 act through a deacetylaseindependent mechanism, it was possible that the HDAC1 and HDAC3 acquire deacetylase activity through interaction with endogenous HDAC3 and HDAC1, respectively. Consistent with this possibility, immunoprecipitation of ectopically expressed HDAC1-∆53 pulls down endogenous HDAC3 (Fig. 6C) , and likewise, endogenous HDAC1 co-precipitates with HDAC3-H134Q (Fig. 6D) . When deacetylasedeficient HDAC1 and HDAC3 mutants are expressed together there is no toxicity in HK (Fig. 6E) . Although toxicity is seen in LK, it is significantly reduced compared with HDAC3-H134Q alone (Fig. 6B) . Taken together, these results suggest that deacetylase activity is required for the toxicity of HDAC1 and HDAC3, but that this activity can be contributed to the HDAC1-HDAC3 complex by either of the two HDAC proteins.
HDAC1 is a molecular switch promoting both neuronal survival and death. The expression of HDRP, a truncated form of HDAC9 generated by alternative splicing and completely lacking the HDAC catalytic domain, is high in healthy neurons but is sharply downregulated in neurons primed to die (7) . Forced suppression of HDRP expression induces death in otherwise healthy CGNs, whereas HDRP overexpression protects neurons from LK-induced death. While overexpressed HDRP is predominantly cytoplasmic in HK, it translocates to the nucleus following LK treatment where neuroprotection is mediated (7). We previously described that HDRP-mediated neuroprotection depends on deacetylase activity, which is acquired through interaction with HDAC1 (7). As described above, HDAC1 also contributes to the neurotoxic effect of HDAC3. This suggests that HDAC1 can contribute to both the survival and death of neurons depending on whether it interacts with HDRP or HDAC3, respectively. We tested the possibility that HDRP protects neurons by disrupting the neurotoxic interaction between HDAC1 and HDAC3 through the sequestration of HDAC1.In accordance with this model, the association between HDAC1 and HDRP is reduced when HDRP is expressed (Fig.  7A) .
Furthermore, HDRP interacts with HDAC1, but no interaction is observed with HDAC3 (Fig. 7B) . Consistent with the requirement for interaction in HDAC1-HDAC3 toxicity, neuronal death induced by HDAC3 expression is reduced when HDRP is overexpressed (Fig. 7C) . Since HDAC3 does not interact directly with HDRP our results suggest that the reduction of toxicity by HDRP results its sequestration of HDAC1.
Interaction between HDRP and HDAC1 occurs within the N-terminal 53 amino acids of HDAC1, as HDAC1-∆53 does not co-precipitate with HDRP (Fig. 7B) . Moreover, while the toxicity resulting from overexpression of HDAC1 can be inhibited by HDRP overexpression, the toxicity of HDAC1-∆53 is not inhibited (Fig. 7C) . These results strengthen the idea that HDRP inhibits HDAC1 neurotoxicity by interacting with it.
DISCUSSION
The role of HDAC1 in the regulation of neuronal survival has been unclear. While we and other laboratories have previously shown that HDAC1 protects neurons from death (7, 10) , others have shown that HDAC1 promotes axonal and neuronal degeneration (15, 16) . In this study we find that HDAC1 can have a dual role in the regulation of neuronal viabilitypromote both neuronal survival and death. Whereas neuroprotection by HDAC1 is mediated through association with survivalpromoting HDACs such as HDRP (36), neuronal death involves its interaction with HDAC3.
It remains to be clarified where within the cells interaction between HDAC1 and HDAC3 occurs. We have found that HDAC1 is predominantly nuclear whereas HDAC3 localizes to both the nucleus and cytoplasm in neurons (unpublished observations). Although this suggests that interaction occurs in the nucleus, one study has reported that in degenerating neurons HDAC1 translocates from the nucleus to the cytoplasm and that cytoplasmic localization of HDAC1 is necessary for neuronal and axonal degeneration (16) . Although our studies have failed to observe translocation of HDAC1, we cannot rule out the possibility that a small amount of HDAC1 does move out of the nucleus where it interacts with cytoplasmic HDAC3.
Assuming that HDAC1 and HDAC3 interaction occurs within the nucleus, how is it prevented in healthy neurons? HDAC3 is phosphorylated by GSK3β, a modification that is necessary for its neurotoxic effect (14) . It is possible that GSK3β phosphorylation of HDAC3 promotes its interaction with HDAC1. The finding that inhibition of GSK3β blocks neurotoxicity by HDAC1 expression although it does not directly phosphorylate HDAC1 is consistent with this possibility. Our results suggest that via direct interaction, HDAC1 and HDAC3 cooperate to promote neuronal death. Indeed, a knockdown of either HDAC1 or HDAC3 is sufficient to prevent neuronal death by either of these proteins. Additionally, manipulations that inhibit HDAC3 neurotoxicity, such as IGF-1 treatment or expression of active Akt, also inhibit the ability of HDAC1 to induce neuronal death.
We have previously shown that overexpression of HDRP, a class IIA HDAC and an alternatively-spliced form of HDAC9, protects neurons from neuronal death (7) . The neuroprotective effect of ectopically-expressed HDRP involves its translocation from the cytoplasm to the nucleus (7). Our results suggest that within the nucleus HDRP interacts with HDAC1 and in doing so denies access to HDAC3 (7) . The finding that overexpressed HDRP blocks interaction between HDAC1 and HDAC3 without interacting with HDAC3 is consistent with this idea. Besides inhibiting association with HDAC3, HDRP acquires deacetylase activity through its interaction with HDAC1. We have previously shown that this activity is used by HDRP to repress the c-jun promoter (7) . Thus while promoting neuronal death when associated with HDAC3, HDAC1 is neuroprotective when it partners with HDRP.
A recent study described impressive protection by chemical compounds that inhibited both HDAC1 and HDAC3 in tissue culture, fly as well as mouse models of HD (37) . This is consistent with our results showing cooperation between HDAC1 and HDAC3 in promoting neurodegeneration. Based on our observations, it is likely that such HDAC1-HDAC3 inhibitors will be protective in models of neurodegenerative diseases other than HD also. In addition to pharmacological inhibitors of catalytic activity, peptides or other agents that inhibit HDAC1-HDAC3 interaction could be useful in preventing neurodegeneration.
In summary, we propose that HDAC1 acts as a molecular switch providing the balance between neuroprotection and neurotoxicity. Whether HDAC1 promotes neuronal survival or death depends on whether it interacts with proteins such as HDRP or HDAC3. Our findings reconcile the opposing roles previously ascribed to HDAC1 in the regulation of neuronal death. Full length HDAC1 and HDAC1-∆53 interact with HDAC3 A) HEK 293 cells were co-transfected with Flag-tagged HDAC3 and either GFP, HDAC1 or HDAC1-∆53 for 24 hrs after which lysates were collected and immunoprecipitation was performed using Flag antibody. Lysates were subjected to Western blot analysis and probed with GFP antibody. The same membrane was then re-probed with Flag antibody to show the immunoprecipitated HDAC3 protein. B) CGNs were treated with either HK or LK for 6 hrs. Lysates were collected and immunoprecipitation was performed using either HDAC1 or IgG antibody as negative control. The immunoprecipitate was subjected to Western blot analysis and probed with HDAC3 antibody. The membrane was re-probed with HDAC1 antibody to show pull-down of HDAC1. C) Lysates from the striatum (St.) and extra striatal tissue (EST) of R6/2 mice or their wild type (WT) littermates were used to immunoprecipitate HDAC1 and were then run on a Western gel and probed with HDAC3 antibody. The membrane was re-probed with HDAC1 to show pull-down of the endogenous protein. shRNAs (H1-sh-1 or H1-sh-2). Cells expressing shRNA are identified based on GFP staining and knockdown of endogenous HDAC1evaluated using an HDAC1 antibody. B) CGNs were co-transfected with HDAC3 and either control (Ctrl.) or one of two HDAC1 shRNAs (HDAC1-sh1 or HDAC1-sh2) and then treated with HK or LK media for 24 hrs after which cells were fixed, subjected to immunocytochemistry , and assessed for viability. Viability was normalized to GFPtransfected cultures in HK C) CGNs were co-transfected with HDAC1 and either control (Ctrl.) or one of two HDAC3 shRNAs (HDAC3-sh1 or HDAC3-sh2) for 48 hrs and then treated with HK or LK media for 24 hrs after which cells were fixed, subjected to immunocytochemisrty, and assessed for viability.
FOOTNOTES
D) Upper panel:
Cortical neurons cultured from Nes-Cre HDAC3-/-mice or from their wild-type littermates were transfected with either GFP or HDAC1 and viability was assessed after 20 hrs. Lower panel: Whole brain lysates from HDAC3-/-conditional KO mice (-/-) and wild-type littermates (+/+) were analyzed by Western blot using an HDAC3 antibody. The membrane was re-probed with tubulin. E) Lysates from HEK293 cells transfected with GFP, or Flag tagged HDAC1 or HDAC3 were immunoprecipitated using either GFP or Flag antibodies. The immunoprecipitated proteins were used in an in vitro kinase assay with or without active GSK3β as indicated. Autoradiograph shows a phosphorylated band in the HDAC3 lane but no band is discernible for HDAC1. 
